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Spatially varying strained graphene can acquire interesting electronic properties 
because of the strain-induced valley-dependent gauge (pseudomagnetic) fields1,2. 
Here we report the realization of strained graphene regions located close to the 
step edges of Cu(111), obtained by using thermal strain engineering3,4. We study 
these strained structures with sub-nanometre-resolved scanning tunnelling 
microscopy and spectroscopy and identify their spatially modulated Dirac points, 
demonstrating the effect of overlap of Cu and graphene wave functions on the 
charge transfer between them5. By applying a magnetic field of 8 Tesla, electron 
confinement, as revealed by regularly spaced sharp resonances6,7, is observed in 
the strained graphene. In some regions of the strained graphene, repetitive pairs 
of resonance peaks appear in the tunnelling spectra. This provides direct and 
compelling evidence for lifting of valley degeneracy due to the coexistence of both 
the magnetic field and the pseudomagnetic field.       
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The atomically thin structure of graphene allows the existence of a variety of 
mechanisms which can tune its electronic properties efficiently2,8. A spatially varying 
lattice distortion in graphene, for instance, can affect the Dirac fermions like an 
effective magnetic field and generate partially flat bands in the band structure of 
graphene1,9,10. Because of interactions between graphene and the supporting substrates, 
stacking graphene on top of other materials could also change the electronic structures 
of this unique one-atom-thick membrane dramatically and lead to novel electronic 
properties not found in graphene7,8,11-14. Here we show how the overlap of Cu and 
graphene wave functions affects the position of the Dirac point in strained graphene 
regions located close to the step edges of Cu(111). A strong magnetic field results in 
electron confinement and valley splitting in the strained graphene regions, as revealed 
by repetitive pairs of peaks in its density of states (DOS).   
Graphene films were grown on copper foil at 1000 oC via a low pressure chemical 
vapor deposition method (see Supplementary Information A.1 for details)4. The Cu 
foils expose several different crystal facets, such as the (110) surface and the (111) 
surface15. During the cooling process of the as-grown sample, mismatch of thermal 
expansion coefficients between graphene and the Cu foil (the Cu substrate contracts 
and the graphene expands) generates an in-plane compressed stress on graphene (see 
Supplementary Information A.2 for details). For graphene grown on the (110) surface, 
the anisotropic surface stress of the Cu substrate generates one-dimensional periodic 
wrinkles15 or ripples4 in graphene. For graphene grown on the (111) surface, it 
exhibits quite different features. Figure 1a shows a representative, large-scale 
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scanning tunnelling microscopy (STM) image of a graphene monolayer on the Cu(111) 
surface (see Supplementary Information A.3 for method of STM measurements). The 
in-plane compressed stress on graphene leads to the formation of strained graphene 
areas located close to the step edges of Cu(111), as shown in Fig. 1a-1c.  
In the strained regions, the separation between graphene and Cu(111) surface dex is 
slightly larger than that in the flat region of the terrace, as demonstrated in Fig. 2a and 
Fig. 2b. For convenience, we define dex = 0 Å in the flat region of the terrace. 
According to the STM measurement, an interface with the zigzag edge between the 
flat region and the strained region can be sharply defined down to the atomic scale 
(Fig. 2b). Such a structure with various graphene-metal separations provides an ideal 
platform to study the interaction and charge transfer between graphene and the 
supporting metal5. Figure 2c shows ten typical scanning tunnelling spectroscopy (STS) 
spectra recorded at different positions from the flat area to the strained graphene 
region on the terrace. The tunnelling spectrum gives direct access to the local DOS of 
the surface at the position of the STM tip. A local minimum of the tunnelling 
conductance, as pointed out by the arrow, is attributed to the Dirac point of the 
graphene. Obviously, the local Dirac point shifts from negative to positive energies 
when going from the flat area to the strained region, indicating effect of the 
graphene-Cu interaction on the charge transfer between them5.  
Figure 2d summarizes the Fermi level shifts relative to the Dirac point, ∆EF, as a 
function of dex obtained in our experiment. For large graphene-Cu separations (in the 
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strained graphene regions) where the graphene-Cu interaction is so weak, ∆EF is only 
determined by the difference of the work function of a graphene-covered Cu (WCu ~ 
4.8 eV) and the work function of the free-standing graphene (WG = 4.5 eV), i.e., ∆EF 
= WCu – WG ≈ 0.3 eV. With decreasing the graphene-Cu separations, a direct 
interaction between Cu and graphene, which results from the wave functions overlap 
between them, affects the value of ∆EF significantly5. The theoretical values of ∆EF, 
with considering the direct interaction between Cu and graphene, are also plotted in 
Fig. 2d as a function of the graphene-Cu separations dth (see Supplementary 
Information A.4 for details of calculation5). According to the result in Fig. 2d, the 
Dirac point of graphene is shifted about 600 meV by the interaction between Cu and 
graphene. Additionally, we can conclude that the graphene-Cu separation in the flat 
region of Cu(111) terrace corresponds to dth = 3.2 ± 0.1 Å, which agrees well with its 
equilibrium separation, deq = 3.3 Å, obtained by first-principles calculations5.  
By applying a magnetic field, the tunnelling conductance in both the flat region and 
the strained graphene region of Cu(111) terraces decreases, as shown in Fig. 3a and 
Fig. 3b. This may arise from the electronic localization in the presence of magnetic 
fields. The absence of Landau quantization in the flat graphene region in high 
magnetic fields may be attributed to the direct graphene-Cu interaction5, which can 
affect the two-dimensional features of graphene’s electronic properties (see 
Supplementary Information Figure S1 for more experimental data). In the magnetic 
field of 8 T, a series of discrete tunnelling peaks appear in the STS spectra recorded in 
the strained graphene region. The peak separation recorded at different positions 
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ranges from about 160 meV to about 190 meV. At a fixed position, the energy spacing 
∆E of the peaks is almost regularly spaced with its averaged value as about 175 meV. 
Such a feature precludes Landau levels in graphene systems16-19 as the origin of these 
peaks (for Landau quantization in graphene monolayer, we should observe 
non-equally-spaced energy-level depending on the square-root of level index), instead, 
it reminds us possible confined electronic states in graphene6,7,20,21. Figure 3c shows 
tunnelling spectra in the magnetic field of 8 T obtained at different positions pictured 
in Fig. 2b. The spatially resolved STS spectra indicate that the regularly spaced 
resonances could only be observed in the strained graphene region, i.e., the electrons 
are confined in the strained region. The tunnelling spectra recorded in the magnetic 
fields of 4 T and 6 T do not exhibit any resonances in neither the flat region nor the 
strained region (see Supplementary Information Figure S2 for more experimental 
data). Based on above experimental results, it is reasonable to conclude that both the 
strained structure and the strong magnetic field play vital roles in the emergence of 
confined electrons observed in our experiment.       
Because of Klein tunnelling, which is associated with the chirality of the 
wavefunctions in graphene22, scalar potential between the flat region and the strained 
region, as shown in Fig. 2, is unable to confine Dirac electrons. However, the gauge 
fields induced by the lattice deformations1,9,10 and the magnetic fields23 could lead to 
confined electronic states in graphene. The spatially resolved STS spectra shown in 
Fig. 3c imply that there is a large confining potential at the interface between the flat 
region and the strained graphene region generated by the lattice deformation and the 
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strong magnetic field. The average energy spacing ∆E ~ 175 meV of the resonances 
allows us to estimate the spatial scale involved in the confinement as l ≈ vF/∆E ≈ 4-6 
nm. This is comparable to the size (the average width) of the strained graphene region 
and is also close to the value of the magnetic length generated by the magnetic field of 
8 T, B eBl =   ≈ 9 nm. 
To further understand our experimental result, we calculate the effects of a 
confining potential on the electronic band structures of the graphene. For simplicity, 
we used a zigzag graphene nanoribbon with width L = 50a (a = 1.42 Å is the nearest 
carbon-carbon distance), which is comparable to the magnetic length of 8 T and the 
average width of the strained region, to model the strained graphene region, as shown 
in Fig. 4a. The confining potential is assumed to be 
( ) ( )( )( ) - x-L 2 / - L 2-x /0V x =V e +eλ λ  
with V0 the strength and λ the penetration depth24. V(x) vanishes in the bulk but 
increases to be very large at the zigzag edge of the nanoribbon. In our system, the 
strength of the potential V0 should depend on the magnetic field because of the fact 
that no confined electronic state was observed for the magnetic fields B ≤ 6 T. In Fig. 
4b, we show the electronic band spectrum for the graphene nanoribbon in the 
presence of the confining potential and the magnetic field 8 T. Due to the confinement, 
a series of regularly spaced van Hove singularities25-27 are expected to be observed in 
the DOS of the nanoribbon, which agrees quite well with our experimental result. 
Additionally, the energy spacing of these van Hove singularities is very close to that 
of the DOS peaks observed in our experiment.  
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Besides the regularly spaced sharp resonances, we also observed repetitive pairs of 
tunnelling peaks in the spectra in some regions with large lattice deformations, as 
shown in Fig. 3c. Such a feature in principle could be expected due to valley 
degeneracy in graphene (the honeycomb lattices of the two-dimensional atomic 
crystals result in two inequivalent Dirac cones, commonly called K and K′ valley, 
centered at the opposite corners of the hexagonal Brillouin zone). Figure 4c shows a 
representative atomic structure of such a strained region where we could observe 
splitting of the tunnelling peaks. For the spectra recorded within the red ellipse, each 
resonance splits into two peaks separated by about 20-35 meV. We interpret the pairs 
of peaks observed in our experiment as valley splitting due to the coexistence of the 
magnetic field and the pseudomagnetic field. The flux of the strained graphene 
structure generated by lattice deformations can be estimated by 0Φ
2βh laΦ =（ ） 9,10. 
Here Φ0 is the quantum of flux, h and l are the height and width, as defined in Fig. 4c, 
of the strained structure, respectively, β denotes the change in the hopping amplitude 
between nearest-neighbor atoms and usually 2 < β < 3. In the structure shown in Fig. 
4c, the pseudomagnetic field BS is estimated to be of the order of 1 T. Because of 
opposite signs of the pseudomagnetic field in the two valleys2, the total magnetic 
fields in the K and K′ valleys are B - BS and B + BS, respectively. Then, it is 
reasonable to expect different confining potential strengths V0(B-BS) and V0(B+BS) in 
the strained graphene region for electrons in the K and K′ valleys. Figure 4d shows 
the electronic band spectrum for the graphene nanoribbon with a slightly difference of 
the V0 for electrons in the two valleys. Obviously, the coexistence of the magnetic 
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field and the pseudomagnetic field lifts the valley degeneracy and results in pairs of 
peaks in the tunnelling spectra.  
In summary, we show that the coexistence of magnetic fields and pseudomagnetic 
fields leads to confined electronic state and valley splitting in graphene. These 
properties are not present when either magnetic fields or pseudomagnetic fields are 
applied. Our result implies that exotic effects could be introduced in graphene when 
we combine its different properties.  
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Figure Legends 
 
Figure 1 | Structure of strained graphene regions on Cu(111). a, A typical STM 
image of a graphene monolayer grown on Cu(111). The image has been taken at 4.5 K. 
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There are strained graphene areas close to the step edges of Cu(111). b, Schematic 
diagram showing a strained graphene structure located at one step of Cu(111). c, 
Height profile along the white dashed line in panel a.     
 
 
Figure 2 | Interaction and charge transfer between graphene and Cu(111). a, A 
STM topography of a strained graphene structure on a Cu(111) terrace (Vsample = 0.38 
V and I = 210 pA). b, Upper panel: Zoom-in atomic-resolution topography obtained 
in the white frame in panel a. Lower panel: Height profile along the green dashed line 
in the top panel. c, STS spectra, i.e., dI/dV-V curves, taken at blue solid circles marked 
in panel b from 1 to 10. The red arrows denote the positions of the Dirac point at 
13 
 
different curves. For clarity, the curves are offset in Y-axis. a.u., arbitrary units. d, The 
solid symbols are the Fermi level shifts relative to the Dirac point, ∆EF, as a function 
of dex (the lower x-axis) measured according to panel b. The red dashed line is the 
theoretical ∆EF as a function of graphene-Cu separation dth (the upper x-axis) obtained 
according to Ref. 5. According to the result in panel d, we can conclude that the 
graphene-Cu separation in the flat region of Cu(111) terrace, i.e., dex = 0 Å, 
corresponds to dth = 3.2 ± 0.1 Å.  
 
 
Figure 3 | Spatially resolved STS in magnetic fields. a, Four typical STS spectra 
recorded in different magnetic fields in the flat region of a Cu(111) terrace (at green 
solid circle marked in Figure 2b). b, STS spectra taken in different magnetic fields at 
red solid circle marked in Figure 2b. c, STS spectra obtained at different positions (as 
marked in Fig. 2b) in a magnetic field of B = 8 T. For clarity, the curves are offset in 
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Y-axis. The regularly spaced sharp resonances can only be observed in the strained 
graphene region. The pairs of peaks in the spectra are a sign of valley splitting.  
 
 
Figure 4 | Theoretical band structures of a strained zigzag graphene nanoribbon. 
a, A schematic diagram for a zigzag graphene nanoribbon with width L. A magnetic 
field B is applied in the perpendicular direction of the nanoribbon. b, Energy spectrum 
of a zigzag graphene nanoribbon with width L = 50a and B = 8 T. In the calculation, a 
confining potential ( ) ( )( )( ) - x-L 2 / - L 2-x /0V x =V e +eλ λ  with V0/t = 0.01 and λ = 9a is 
applied in the nanoribbon (here t ≈ 3 eV is the nearest-neighbor hopping energy). The 
corresponding van Hove singularities in the DOS are shown in the left Y-axis. c, 
Upper panel: a zoom-in atomic-resolution STM image of the strained graphene region. 
The atomic structure of the graphene monolayer is overlaid onto the STM image. The 
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red ellipse denotes a typical region where repetitive pairs of tunnelling peaks are 
observed in the spectra. Lower panel: the height profile along the blue arrow in the 
upper panel. l and h denote the width and the height of the strained region. d, Energy 
spectrum of the zigzag graphene nanoribbon in the presence of both the magnetic 
field and the pseudomagnetic field. The degeneracy of the corresponding van Hove 
singularities generated in the K valley and the K’ valley are lifted.  
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